Aims The purpose of this study was to validate ST segment resolution as a non-invasive marker for patency of the infarct-related artery 90 min after the start of streptokinase therapy in patients with acute myocardial infarction.
Introduction
In patients with acute myocardial infarction, coronary artery patency 90 min after initiation of thrombolytic therapy is believed to be the most powerful independent predictor of survival [1, 2] . However, the only direct diagnostic method of assessing coronary reperfusionemergency angiography -is cumbersome, expensive, and unavailable in most hospitals. To overcome these drawbacks, several methods of electrocardiographic STsegment analysis have been developed which are aimed to be practical, non-invasive approaches in the assessment of coronary reperfusion [3] [4] [5] [6] [7] [8] . However, most studies have only been performed in a limited number of patients. This is the case with non-invasive determination of reperfusion status by ST-segment elevation resolution (ST resolution), which needs to be validated by a study of sufficient size. Early infarct-related artery patency status, as the gold standard prognosticator, has been challenged by the notion that the extent of STsegment elevation resolution 90 and 180 min after the start of thrombolytic therapy is also a strong predictor of outcome in patients with acute myocardial infarction [9] [10] [11] . We therefore conducted an angiographic substudy in conjunction with the Hirudin for Improvement of Thrombolysis (HIT)-4 trial [11] , in which in addition to a 90 min angiogram, ECGs were recorded at baseline and 90 min after the start of thrombolysis. The purpose was to prospectively assess the validity of ST resolution, as a non-invasive determinant of reperfusion, in a well defined large cohort of patients.
Methods

Study patients
The HIT-4 trial was a multicentre, randomized, doubleblind trial that compared r-hirudin (HBW 023) and heparin as adjuncts to thrombolysis with streptokinase (1·5 million units over 60 min) in 1208 patients with acute myocardial infarction of less than 6 h duration. The trial was approved by the Ethics Committee of the University of Gö ttingen. Details of the rationale, design and the main results will be available in the original report [12] . Eligible patients had ST-segment elevation of d0·1 mV in at least two limb leads and/or d0·2 mV in two contiguous precordial leads. All 447 patients who enrolled in selected hospitals for the angiographic part of the HIT-4 trial were considered for this analysis.
Angiographic analysis
Coronary angiograms of the right and left coronary arteries were obtained 90 min after the initiation of streptokinase therapy, starting with the presumed infarct-related artery. Angiograms were evaluated in a core laboratory by two independent investigators in a blinded fashion. The patency status of the infarct vessel was determined at the first contrast injection and graded according to the classification of the Thrombolysis in Myocardial Infarction (TIMI) flow grading [13] . Patency of the infarct vessel was defined as TIMI grade 2 or 3 flow. Lesion location was defined as proximal or nonproximal in relation to the first septal perforator branch of the left anterior descending artery, the first obtuse marginal branch of the left circumflex artery or the first right ventricular branch at the right coronary artery, respectively.
Electrocardiographic analysis
A 12 lead ECG was recorded at baseline and immediately before the 90 min angiogram, which was obtained 90 min after the start of streptokinase therapy. The sum of the ST-segment elevation was measured 20 ms after the end of the QRS complex from leads I, aVL, and V 1 -V 6 for anterior acute myocardial infarction, and leads II, III, aVF, V 5 and V 6 for inferior acute myocardial infarction. The ST segment deviation was evaluated centrally, independent of and blinded to the other study data or results or treatment assignment.
Data analysis and statistics
The sum ST-segment elevation resolution, immediately before the 90-min angiogram, was used for non-invasive prediction of the coronary artery patency status.
Sensitivity and specificity to predict vessel patency correctly was calculated at various (X) cut-off points in steps of 10%, from 90% ST resolution to no ST resolution. Sensitivity represents the proportion of patent artery patients classified as patent by >X% ST resolution. Specificity represents the proportion of patients with occluded vessels classified as occluded by <X% ST resolution. The patency predictive value by ST resolution is the proportion of patients with a patent artery classified as such by >X% ST resolution. The occlusion predictive value is the proportion of patients with an occluded artery classified as such by <X% ST resolution.
To assess the optimal ST resolution cut-off point that best predicts correctly the coronary artery patency status, the squared standardized log odds ratio statistic was applied [14, 15] . As a function of the hypothetical cut-off points in sum of ST segment resolution it measures the differences in angiographic patency rates above and below the cut-off points in each sample of ST resolution between 100% to less than 0%. The optimal cut-off point corresponds to the maximum squared log odds ratio.
For univariate analyses, only non-parametric methods were applied. Comparisons between two groups were performed using the Mann-Whitney U test for continuous variables and Fisher's exact tests or chi square tests for dichotomous variables. Simultaneous comparisons for more than two groups were performed using the Kruskal-Wallis test.
Results
There were no significant differences, with regard to medical history or conditions at randomization (Table  1) , between the patients enrolled in the clinical or the angiographic parts of the substudy of the HIT-4 trial. The time between symptom onset and treatment was slightly longer in the angiographic patients because the time to randomization was longer.
Of the 447 patients enrolled in the angiographic substudy, for various reasons 19 did not have a 90 min angiogram, and in 10 patients the infarct-related coronary artery could not be identified. Of the evaluable 418 patients, the infarct-related artery was the right coronary artery in 177 patients (42%), the left main coronary artery in one patient, the left anterior descending coronary artery in 160 (38%) patients, the circumflex coronary artery in 60 patients (14%), and other arteries in 20 patients (5%). A TIMI grade 0/1, 2, and 3 flow at 90 min was observed in 39%, 24%, and 37% of patients, respectively.
ST resolution groups
ST resolution could be assessed at 90 min in 355 patients. The factors not allowing for assessment of ST resolution were: insufficient ST elevation at baseline (37 patients), no 90-min ECG (15 patients), idioventricular rhythm (11 patients) and a pacemaker ECG (one patient).
The sum of ST elevation at baseline for anterior acute myocardial infarction patients was 1·67 mV, for the subgroup of patients with a proximal coronary artery lesion 1·64 mV, and with a non-proximal lesion 1·71 mV. ST elevation in inferior acute myocardial infarction patients was 0·93 mV and in proximal or non-proximal lesions 0·89 mV or 0·95 mV, respectively.
Prediction of infarct vessel patency by ST resolution ST resolution related to vessel patency
The spectra of sensitivities and specificities with their 95% confidence intervals for correct prediction of infarct vessel patency (TIMI grade 2/3 flow) 90 min after the start of streptokinase infusion, by resolution of sum ST segment elevation, are shown in Fig. 1(a) . The sensitivity and specificity curves intersect at a level slightly below 30% ST resolution. Diagnostic test data, provided at the level of 30% ST resolution, are displayed in Table 2 . Since TIMI 3 flow is considered the primary goal of reperfusion therapy the spectra for specificities and sensitivities for TIMI grade 3 flow are shown in Fig.  1(b) . Compared to Fig. 1(a) , the sensitivity curve is shifted somewhat upwards and the specificity curve downwards with an intersect slightly below 40% ST resolution. Diagnostic test data for complete perfusion (TIMI grade 3 flow) at the level of 40% ST resolution are shown in Table 3 . Evaluation of the optimal cut-off point for TIMI 2 or 3 flow by the squared standardized log odds ratio statistic revealed two maxima, one at 30% ST resolution, and the second around 20% ST resolution. Separate evaluation identified the 30% cut-off point, as related to inferior acute myocardial infarction, and the 20% cut-off point to anterior acute myocardial infarction. In Table 4 , the angiographic patency rates and statistical data for non-invasive prediction of coronary artery patency are presented. For proximal lesions, patency rates were lower than for non-proximal lesions. However, sensitivity and specificity tended to be better for proximal lesions.
Vessel patency related to ST resolution
The patency predictive values for TIMI grade 2 and 3 flow are depicted in 10% steps of ST resolution in Fig. 2 . There was a gradual increase in patency rates from <10% ST resolution to >80% ST resolution. For TIMI 3 patency the major step was from 36% to 53% with a >40 ST resolution, which has been identified as the best cut-off point for sensitivity and specificity. The proportions of patients with various TIMI flow grades related to no (<30%), partial (30-70) and complete (>70%) ST resolution [9] [10] [11] are shown in Table 5 . Data for patients with anterior or inferior infarct location were very similar. Patients with complete ST resolution had a 92% probability of TIMI 2/3 patency, but of all patients who had TIMI 2/3 flow only 30% had complete ST resolution. With no ST resolution, 
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84% of patients had no TIMI 3 flow, but 43% of patients with >30% ST resolution also showed absence of TIMI 3 flow.
Discussion
The present report is part of the HIT-4 Study [12] and its ST Segment Resolution substudy [11] and represents the largest series comparing ST resolution analysis and 90 min angiography after thrombolytic therapy for acute myocardial infarction. As a simple method, easy to obtain and allowing immediate interpretation in all patients with acute myocardial infarction presenting with ST elevation, ST resolution was assessed 90 min after the start of the streptokinase infusion. To be consistent with all previous studies, infarct vessel patency was defined as TIMI flow grade 2 or 3. However, since TIMI grade 3 flow is considered to be the primary goal of thrombolytic therapy we looked separately for this TIMI flow grade.
Prediction of infarct vessel patency by ST resolution
Most previous studies on the value of ECG monitoring for non-invasive prediction of patency suffered from small sample sizes, particularly from low numbers of patients with occluded coronary arteries [3, [5] [6] [7] [8] 16] . Confidence limits on the predictive performance, when reported, were fairly wide [8, 17] . Excellent accuracies have been reported [3, 5, 6, 8, 16] but when the same criteria were applied prospectively in somewhat larger patient series, the results are less impressive [4, 17, 18] . In studies aimed to predict vessel patency by ECG criteria, results are usually presented as in our Table 4 and interpreted as a clinically useful non-invasive predictor of the patency status of the infarct vessel. Although these data may appear sufficient for larger patient groups, for the individual patient, prediction of epicardial vessel patency is limited. The relatively large number of patients in our series, including 135 patients who had an occluded infarct-related coronary artery, allowed sensitivity and specificity curves to be constructed for correct prediction of vessel patency with relatively narrow 95% confidence limits over the whole range of percent ST resolution ( Fig. 1(a) and (b) ). There is important clinical information in the spectra of sensitivities and specificities, as plotted in Fig. 1(a) and (b) and in the graded relationship between ST resolution and infarct vessel patency in Fig. 2 , which provide useful tools for a better understanding of the dynamic interactions between vessel patency, ST elevation recovery, and early mortality.
In previous studies on the prognostic implications of ST resolution we could demonstrate the strong prognostic power of a three-tiered scheme with complete, partial and no ST resolution for stratifying outcome in acute myocardial infarction [9] [10] [11] , which was also confirmed by others [19] . As the specificity curve in Fig. 1(a) depicts, less than 5% of patients who had an occluded infarct artery have complete (d70%) ST resolution and, according to the patency predictive value and as shown in Fig. 2 , 92% of patients who have complete (d70%) ST resolution had a patent infarct-related artery and 69% had TIMI grade 3 flow (Table 5 ). The high specificities, however, could only be obtained at the expense of the sensitivities. A considerable number of patients who had TIMI grade 2 or 3 flow have <70% ST resolution. At the other end, no (<30%) ST resolution is associated with absence of TIMI 3 flow (84% of patients), rather than absence of TIMI 2/3 flow. Sensitivity of <30% ST resolution to correctly predict absence of TIMI 3 flow was 65% and specificity 79% (Fig. 1(b) , Table 5 ). For patients with partial (30-<70%) ST resolution, reliable prediction of epicardial patency is not possible (Fig. 2) . Because there is a gradual increase in patency rates with the increasing amount of ST resolution (Fig. 2 ) on average half of these patients have TIMI grade 3 flow.
Epicardial vessel patency and myocardial perfusion
In evolving myocardial infarction, ST segment elevation quite accurately reflects the existing ischaemic myocardial injury [20] . In the few patients who had complete (d70%) ST resolution despite persistent occlusion of the infarct vessel, effective early collateral circulation may have attenuated myocardial ischaemia [16] [17] [18] 21] . Persistent ST elevation, despite a patent epicardial infarct vessel, is usually considered to be false negative. This is correct as far as epicardial vessel patency is concerned. However, partial or even no ST resolution despite a patent epicardial vessel probably relates to impairment of perfusion at the myocardial level [22, 23] . 
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When the heart is exposed to ischaemia and reperfusion, damage occurs not only to the myocytes but also to the microvasculature [24] . Despite an angiographically successful opening of an infarct-related artery within a 6 h time frame, in most patients microvascular damage impedes myocardial blood supply, at least to some extent. The spectrum of reperfusion at the myocardial level ranges from no reflow or partial reperfusion to normal perfusion [22] . Myocardial no-reflow is associated with a similar worse prognosis: persistent epicardial vessel occlusion [22, 23, [25] [26] [27] . Impaired microvascular perfusion, as evidenced by persistent ST elevation after successful mechanical recanalization, was associated with more extensive infarctions and an unfavourable clinical outcome [25] [26] [27] . Therefore, <30% ST resolution in patients with TIMI 3 flow in the infarct vessel most likely identifies patients with no myocardial reflow, which means that these patients have a higher risk for an adverse outcome, and may therefore not be defined as false negative for reperfusion, but only false negative for patency of the epicardial coronary artery.
Clinical implications
For the individual patient prediction of the patency status of the epicardial vessel is limited. However, in evolving acute myocardial infarction the extent of STsegment elevation reflects the actual existing ischaemic myocardial injury, regardless of whether blood flow is impaired at the epicardial or myocardial level. The extent of ST resolution after epicardial vessel recanalization is probably related to the intensity and duration of impairment of myocardial blood flow. Complete ST resolution is highly predictive of an unimpaired flow both at the epicardial and myocardial level. The present study was too small to draw any relevant conclusions with respect to mortality, therefore we did not present these data. As demonstrated with a larger sample size in our corresponding clinical HIT-4 ST resolution substudy [11] , complete ST resolution at 90 min is associated with a 30-day cardiac mortality rate of only 0·9%. Thus, outcome is so good that any prophylactic intervention is unlikely to improve it. On the other hand, no ST resolution at 90 min indicates persistent epicardial vessel occlusion or myocardial no-reflow, and is associated with a higher mortality risk, particularly in patients with anterior acute myocardial infarction [11] . These patients may benefit from emergency angiography and rescue PTCA [28] . However, randomized studies are necessary to prove this concept, since in our study recovery of ST-segment elevation 180 min after start of therapy was better in patients treated conservatively than in those treated with rescue PTCA at 90 min, and there was a trend towards a higher mortality in patients treated interventionally [29] . In patients who have persistent ST elevation despite epicardial patency, strategies that attenuate the process of microvascular reperfusion injury may be helpful to improve outcome [30] . In patients with partial ST resolution, infarct vessel patency rates vary and prediction is uncertain. Since early mortality is relatively low [11] , patients with partial ST resolution might be handled conservatively, if they are free of symptoms and haemodynamically stable. Watchful waiting and elective angiography appears appropriate. Presented are percentages with number of patients in parentheses.
